provide experimental evidence that, when combined fructose but binds with greater affinity due to improved hydrophobic contacts. with kinetic, ligand binding, and literature data, allow us to delineate each step along the SDH reaction pathway ( Figure 1A ). The structure of native SDH corresponds to Results and Discussion the "ground state" of the enzyme and reveals the ligands to the catalytic zinc in the absence of cofactor or sub-
Complexes Solved
We first crystallized the human enzyme as a complex strate. The structure of SDH complexed with NAD ϩ reveals the surprisingly slight structural changes the prowith NADH and inhibitor CP-166,572 with four molecules in the asymmetric unit (Table 1 ). The structure was tein makes when binding the cofactor in the first step of the ordered reaction. The third structure, a complex solved by the method of single anomalous diffraction (SAD) with phase information derived from the anomaof SDH/NADH and the inhibitor CP-166,572, together with our kinetic studies showing that CP-166,572 is a lous scattering of 32 selenium atoms from four molecules of selenomethionine-substituted hSDH ( The N-terminal seven residues of the protein provide binding NAD ϩ or both NADH/CP-166,572. We compared a striking crystal contact ( Figure 2B ). These residues the area buried between the subunits and between the pack between two ␤ strands of a crystallographic symtwo domains of each complex and found negligible metry mate (strand residues 321-328 and 352-356 of changes of 100-200 Å 2 . Some differences between the subunit B), forming a link between the two B subunits three structures are expected because freezing the crysfrom different tetramers. In solution, residues 1-7 are tals results in unit cell changes, even for similar-sized expected to pack against ␤ strands from their own subcrystals grown under identical conditions. unit (residues 24-31 and 72-79). This alternate conformation of the N terminus may be required to stabilize the lattice, which has a solvent content of 65%.
Overall Description of the Enzyme
The overall fold of one subunit of hSDH is similar to SDH is a tetramer (Jeffrey et Figure  1A ). SDH also readily catalyzes the reduction of fructose field et al., 2001). to sorbitol ("reverse" direction, Figure 1A ). The equilibthe K m for sorbitol was 1.5 Ϯ 0.3 mM (n ϭ 5), a value indistinguishable from that for rat SDH (Oates, 2002) . In rium constant for sheep liver SDH is 3.7 nM (Lindstad et al., 1992) and, because a proton is part of the mass the "forward" direction, the product fructose exits first, followed by the rate limiting release of NADH (Lindstad balance equation together with fructose and NADH, low pH facilitates fructose reduction to sorbitol, while high et al., 1992). In the presence of 0.5 mM NADH (a subsaturating concentration of NADH was used because NADH pH favors sorbitol oxidation to fructose (Lindstad and McKinley-McKee, 1995) . Studies with the enzyme from absorbs strongly at 340 nm, the wavelength used to monitor the reaction), the K m for fructose is 270 Ϯ 63 sheep liver have demonstrated that the kinetic mechanism is compulsory ordered bi-bi with the coenzyme mM (n ϭ 3). It should be noted that the measured K m for fructose can be misleading, since only 0.8% of the binding first and leaving last (Lindstad et al., 1992) . To confirm that all four coenzyme binding and active sites fructose is present in the straight chain form, the likely substrate form (Maret, 1996) Figure 3A) , and there are small but significant changes NAD ϩ structure shows that this phosphate lies within in the conformation of a handful of residues to accomcovalent bonding distance of the 2ЈOH of the ribose of modate its bulk ( Figure 3C ). In contrast, liver alcohol NAD ϩ , exactly where it should be, if NADP ϩ were bound. dehydrogenase undergoes a significant domain rearrangement on binding its cofactor (Eklund and Branden, 1979 In addition to coordinating the zinc, the inhibitor is stabilized in the catalytic site by numerous hydrophobic We observed both patterns (Figures 4D and 4E) the straight chain keto form of fructose for reduction to such that both the C1 hydroxyl and C2 carbonyl oxygens were in direct coordination with the zinc atom, overlapsorbitol at the time of hydride delivery from NADH (Maret, 1996) . The presumed driving force for this reducping with the O30 hydroxyl and the N1 nitrogen, respectively, of the inhibitor. The carbons of fructose were tion comes from zinc polarizing the C2 hydroxyl, as has been suggested for other zinc-mediated reductions. In roughly aligned with the pyrimidine and piperazine rings of the inhibitor to optimize hydrophobic interactions. the absence of crystallographic data for substrate binding to any sorbitol dehydrogenase, we developed a The coordinates of CP-166,572 were replaced with those of fructose, and the complex of SDH/ NADH/frucmodel of fructose binding using the binding mode we observed for CP-166,572, i.e., with the zinc penta-coortose was subjected to minimization in the absence of X-ray data using CNS (Brunger et al., 1998). dinated. Zinc is usually coordinated to 4 or 5 ligands in the active sites of enzymes, including bound water After minimization, the O1 and O2 oxygens of fructose are directly coordinated to the catalytic zinc atom. molecules, inhibitors, or intermediates (Lipscomb and Strater, 1996).
O1 also potentially makes two hydrogen bonds to Glu155:O⑀2 and/or His69:N⑀2. In this position, the C2 We manually positioned a linear fructose molecule carbon of fructose is within van der Waals distance of arginine side chains stack under adenine rings in DNA/ protein complexes. the reactive carbon of NADH and carbons C3, C4, and C5 are packed against the nicotinamide ring. We presume that the remaining hydroxyls of fructose will be Proposed Mechanism To summarize, we propose the following structural solvated by the numerous water molecules in the catalytic site. In addition, Arg298 is likely to alter its side changes as catalysis occurs in the forward direction ( Figure 6B ). In the absence of any ligand, the zinc atom chain conformation to form a hydrogen bond to the O3 or O6 oxygen. An important component of the binding is tetra-coordinated by three protein side chains (Cys44, His69, Glu70) and one water molecule ( Figure 6B (1)). energy comes from hydrophobic interactions between fructose and NADH. The C2 to C5 carbons of the frucThe required cofactor, NAD ϩ , binds first, and small but significant movements in main chain and side chain tose stack against the planar hydrophobic nicotinamide ring, reminiscent of the way the aliphatic portions of atoms occur to accommodate it, followed by the binding of sorbitol. Sorbitol binds with both its C1 and C2 oyxgen the neutrally charged pyrimidine ring of the inhibitor [ Figures 5C and 6A]) ; hence, CP-166,572 and fructose atoms coordinated to zinc with the simultaneous release of Glu70, making the zinc pentavalent ( Figure 6B (2) ).
would compete with one another. In contrast, the positively charged nicotinamide ring of NAD ϩ (which exists The backbone carbons C3-C5 of sorbitol overlap with the linear fructose model herein proposed ( Figure 6A) Oxidation of sorbitol to fructose in the enzyme-subAn alternative possibility is that CP-166,572 competes (only) with the furanose form of fructose on the enzyme strate complex now formed requires a base to remove the hydrogen from the C2 oxygen of sorbitol coordinated surface and not with the linear form of this ketose ( Figure  6B (4) ). Further studies will be necessary to resolve these to zinc. One candidate for this role is water molecule W1952, which forms a hydrogen bond to Glu155 in the and related questions, such as the actual coordination state of zinc in the presence of sorbitol and fructose apo enzyme and to both Glu155 and Glu70 in the complexes with the inhibitor and our model for fructose. This substrates. In summary, we have purified, crystallized, and deterwater molecule is proposed to function as a general base, which abstracts the proton of the zinc-coordimined the crystal structures of human SDH in its native state, as a complex with NAD ϩ and as a ternary complex nated C2 hydroxyl, setting up the cascade of events to deliver the hydride at C2 to NAD ϩ with concomitant with NADH and a prototype inhibitor, CP-166,572. These structures provide a view of the reaction pathway during charge neutralization of NAD ϩ to NADH and oxidation of the C2 hydroxyl to the keto group of fructose (arrows, catalysis and a firm foundation for understanding the mechanism of action of reversible inhibitors of SDH. Figure 6B (2) ). The reverse flow of electrons from NADH to reduce fructose to sorbitol is depicted in Figure 6B Experimental Procedures (3, arrows). In the forward direction ( Figure 6B (4, via  3A) ), since fructose blocks the exit of NADH from the (2% per year) autolytic degradation as per manufacturer's (NEN) data. Overall recoveries were 85%-110%. Two volumes of lysis buffer containing 2 mg/ml lysozyme were added, and the mixture was stirred on ice for 60 min followed by sonication. The sonicated cells were centrifuged at 12,000 rpm for 10 K m Values of Human SDH min at 4ЊC, the supernatant was decanted, and the pellet discarded.
Human SDH was diluted to a stock solution of 5 nM with 100 mM Ammonium sulfate was added to the supernatant to a final conpotassium phosphate buffer (pH 7.1) for "forward" reaction studies centration of 40%, and the solution was placed on ice for 30 min (sorbitol oxidation to fructose) and to 2.5 nM for "reverse" reaction and then centrifuged at 12,000 rpm for 10 min. The supernatant was studies (fructose reduction to sorbitol). Varying concentrations of removed and ammonium sulfate was added to a final saturation of substrates and coenzymes, all purchased from Sigma (St. Louis, 60%, incubated on ice for 30 min, and then centrifuged as before.
MO), were prepared in deionized water from stock solutions of 500 The 40%-60% ammonium sulfate pellet was dissolved with 100 mM sorbitol, 10 mM NAD ϩ (sodium salt), 5 mM NADH, and 4 M ml 20 mM HEPES/NaOH [pH 8.0], 5 M ZnCl 2 , 2 mM DTT, 1 mM fructose. Two hundred microliters SDH were added to each well of PMSF, and 1 g/ml each of aprotinin, pepstatin, and leupeptin and a 96-well microtiter plate, and 25 l 10 mM NAD ϩ or 5 mM NADH dialyzed overnight at 4ЊC against the same buffer. was added as appropriate followed by a 10 min incubation at room temperature. mg SDH in assay) ]. The specific activity of hSDH in these studies was determined to be 11.6 Ϯ 0.9 U/mg.
Crystallization of hSDH Protein
Both the wild-type and selenomethionine-substituted proteins were concentrated to 2.0 mg/ml in a 20 mM HEPES/NaOH (pH 7.8) conPurification of Selenomethionine-Substituted hSDH Selenomethionine-substituted hDSH was purified and assayed in taining 100 mM NaCl, 2 mM DTT, 0.1 mM NADH, and 0. CP-166,572) , after which they were frozen either diRefinement rectly in a liquid nitrogen gas stream or in liquid propane.
The structure was refined using the MLHL maximum likelihood in CNS (Adams et al., 1999). Crossvalidation used 5% of the reflections Data Measurement and Reduction selected prior to the start of refinement. One molecule was manually For phasing, the data were measured from a single crystal at 100 K refit in O (Jones et al., 1991), and the other three were regenerated at beamline 5.0.2 at the Advanced Light Source at the Lawrence by application of noncrystallographic symmetry. Standard CNS proBerkeley Laboratory (Berkeley, CA). The X-ray absorption spectrum tocols of rigid body refinement, overall B factor refinement of each around the K edge of the anomalously scattering selenomethionine monomer, grouped B factor refinement of main chain and side chain atoms was measured using a simple X-ray detector mounted at atoms, minimization, torsional dynamics, individual B factor refineright angles to the X-ray beam and in the horizontal plane to capture ment, and automatic water picking were used. Prior to torsional fluorescence as an indirect measure of absorption. The peak wavedynamics, values for fЈ and f″ were refined for the selenium and zinc length was identified as 0.97949 Å from the fluorescence scan. A atoms. These anomalous scattering contributions were included in complete data set to a maximum resolution of 1.9 Å was measured structure factor calculations in all subsequent steps. The structure using a ADSC Quantum 4 detector. For each wavelength, a 90Њ was refined using all data at the peak wavelength between 99.0 and wedge of data was measured, after which phi was rotated by 180Њ 1.9 Å and resulted in a final free R value of 0.183 and R value of and the same wedge of data remeasured to collect the Bijvoet pairs. 0.211 (Table 1) (Table 1) . oratory (Upton, NY), using the Brandeis B4 or B1.2 detectors (Phillips et al., 2000).
